In this paper, superluminal propagation of terahertz (THz) pulse has been observed by investigating the THz waveform emitted from different length of filaments. Further numerical simulation has implied that a THz waveguide-like photonic structure may be formed in air, leading to the superluminal propagation of the THz pulse. The underlying physical mechanisms and the control techniques of this type THz generation method might be revisited based on our findings. It might also potentially open a new approach for long-distance propagation of THz wave in air.
Abstract:
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OCIS codes: (320.7090) Ultrafast lasers; (350.5400) Plasmas.
Strong diffraction and energy attenuation due to water vapor absorption are major obstacles to expedite the application of terahertz (THz) technology in non-laboratory environments. Femtosecond laser filamentation in air, a unique nonlinear optical phenomenon being able to generate a long plasma channel, has been suggested to provide a solution to this problem [1] . And the plasma channel is often referred to as a "filament". However, the fundamental nature of the THz wave propagation during the filamentation is barely known. In our current work, we have observed superluminal propagation of THz pulse during filamentation process. It provides evidence that the THz pulse does not undergo nature diffraction during the filamentation in air. Simulation results have confirmed that nonuniform transverse distribution of the plasma density inside the filament will give rise to the formation a waveguidelike photonic structure at THz band, in which THz energy is strongly confined into a sub-wavelength scale. Fig. 1 (a) schematically shows the experimental setup. A 1 mJ, 1 kHz, 800 nm, 50 fs (FWHM) Ti: sapphire laser pulse was focused by a f = 110 cm lens, creating a centimeter-scale long filament in air. The generated THz pulse was detected by a standard electric-optic sampling (EOS) setup [2] . Particularly, a Teflon plate, which has high transmission for THz, was put inside the filament at different distances during our experiment. It not only blocked the transmission of fundamental 800 nm light, but also interrupted the formation of plasma filament. THz waveforms recorded as a function of the propagation distance z are presented in Fig. 1(b) , which are essentially plotted in the time coordinate moving at group velocity of the probe beam (800 nm pulse). The propagation distances correspond to the inserting positions of the Teflon plate and z = 0 is identified as the position of the focusing lens. It could be seen that THz pulse retains the characteristic of single cycle. However, what impresses us mostly is that the maximum of the THz waveform moves significantly forward as the pulse propagates further. This trend is highlighted in Fig. 1(b) by a dashed white line which indicates the temporal trajectory of the amplitude maximum.
In order to quantitatively investigate the superluminal propagation of the THz pulse, fast-Fourier-transformations (FFT) on each waveform presented in Fig. 1(b) have been performed. In this way, the phases and amplitudes of different frequencies could be retrieved. The resolved phase variations as a function of propagation distance move forward within the regime from z = 107.5 cm to z = 108.5 cm, indicating superluminal propagations. The phase variation dM is in fact given by:
where n THz,filament , n THz,air denote the refractive index of THz wave in filament and air, c is the light speed in vacuum and :, dz indicate the THz wave angular frequency and Teflon plate displacement, respectively. According to Eq. (1), the refractive index of THz frequencies could be estimated by the slopes of the phase variation curves between z = 107.5 cm and z = 108.5 cm. Here, we have taken n THz,air = 1.00027 [3] . The obtained refractive indices are shown in Fig. 2 as black squares. The significant discrepancy between n THz,filament and n THz,air implies that the detected THz pulse does not undergo nature diffraction in air as expected. The observed superluminal phenomenon could be given rise by the waveguiding-like propagation inside the filament. It is worth mentioning that since it is well known that a gain may induce the superluminal phenomenon of the group velocity of a pulse, we focus on the study of the phase velocity in the current work to confirm the waveguiding-like behavior of THz pulse inside the filament. In order to get a clue of the mechanism of the THz wave superluminal propagation, we calculate the eigenmodes around the filament area by the full-vector finite-element method (FEM) with the commercial software COMSOL Multiphysics. The doublet degenerated modes localized in the filament area are found in our simulation. Fig . 3 shows the intensity profiles (z-component of the Poynting vector) and electric field vector of these modes at 0.23 THz, 0.45 THz and 0.68 THz. As shown in the figure, the intensity fields are localized in a circular region for these modes. It is also interesting to notice that the polarization shown in Fig. 3 agrees with the experimental results reported in reference [2] that the polarization of the THz pulse generated by a filament in air could not be characterized as a linear polarization nor a vortex induced by quasi Cherenkov radiation [1] . The calculated effective refractive indices of these localized modes at different frequencies are shown in Fig. 2  (red circles) . The effective refractive indices are less than unity and increase with increasing frequency. Therefore, these modes could contribute to superluminal propagation of THz wave in the plasma filament. Compared with the experimental results, the calculated refractive indices are slightly higher, which may be attributed to the difference of the refractive index distribution along the plasma channel.
